This study was conducted to evaluate the effects of dietary conjugated linoleic acid (CLA) on the performance of lactating sows and piglets as well as the immunity of piglets suckling from sows fed CLA. Eighteen multiparous Duroc sows with an average body weight (BW) of 232.0 ± 6.38 kg were randomly selected and assigned to two dietary treatments (n = 9 for each treatment), control (no CLA addition) and 1% CLA supplementation. For the control diet, CLA was replaced with soybean oil. Experimental diets were fed to sows during a 28-day lactation period. Litter size for each sow was standardized to nine piglets by cross-fostering within 24 hours after birth. Sow milk and blood samples were taken from sows and piglets after 21 and 27 days of lactation, respectively. Loss of BW was significantly (p < 0.05) higher in sows fed control diet compared to sows fed CLA diet. Piglet weights at weaning and weight gain during suckling were significantly (p < 0.05) higher in sows fed CLA compared to sows fed control diet. Serum non-esterified fatty acid (NEFA) and urea nitrogen concentrations were significantly (p < 0.05) lower in sows fed CLA than in sows fed soybean oil. IgG concentrations of the groups supplemented with CLA increased by 49% in sow serum (p < 0.0001), 23% in milk (p < 0.05), and 35% in piglet serum (p < 0.05) compared with the control group. Sows fed CLA showed an increase of 10% in milk yield compared with sows fed soybean oil (p < 0.05), even though there was no difference in daily feed intake between the treatments. Milk fat content was significantly (p < 0.05) lower in sows fed CLA than in sows fed soybean oil. Solid-not-fat yield was significantly (p < 0.05) higher in sows supplemented with CLA than in sows fed control diet and also protein-to-fat ratio in milk was significantly (p < 0.05) higher in sows fed CLA compared with the control group. The results show that CLA supplementation to sows increased milk yield without losing BW during lactation, whereas soybean oil supplementation resulted in severe BW loss.
Background
The growth rate of suckling piglets is determined by the amount of milk produced by sows [1] . Greater milk production in sows increases pig weaning weights as well as viability of offspring, and pigs with heavier weaning weights grow more rapidly at post-weaning [2, 3] . It has been well documented that sows mobilize sufficient energy from their body tissue stores for milk production [4] [5] [6] . Deprivation of milk from sows has been shown to reduce body weight (BW) of sows during lactation [7] . Further, several studies have reported that a BW loss between 10 to 12% during lactation reduced reproductive performance in the subsequent parity [8, 9] . Thus, it is important to minimize BW loss in sows during lactation as well as maintain both maximal growth of piglets and subsequent reproductive performance.
To solve this problem, it was intended to feed lactating sows a diet containing conjugated linoleic acid (CLA), which is composed of an isomeric mixture of linoleic acid containing conjugated double bonds, predominantly cis-9, trans-11 CLA (c9, t11) and trans-10, cis-12 CLA (t10, c12), produced from polyunsaturated fatty acids by ruminal bacteria during biohydrogenation [10] . CLA has been extensively studied due to its beneficial effects on humans and animals [11, 12] . Consumption of CLA by sows during lactation has been found to lower backfat thickness loss as well as increase weaning weight in piglets [13, 14] . Higher BW at weaning is closely associated with higher milk yield [6, 15] . In contrast, Harrell et al. [16] and Peng et al. [17] showed that inclusion of CLA did not affect piglet weights at weaning. As these results are contradictory, further research is needed to elucidate the effects of dietary CLA on milk yield and body weight changes in lactating sows. Regarding immunity in piglets, Corino et al. [13, 18] found that increasing levels of CLA fed to sows or weaned piglets markedly increased the immunoglobulin G (IgG) concentrations of piglets during suckling and post-weaning. Therefore, transfer of CLA from sows to milk could reduce mortality in piglets by increasing immunity.
The objective of this study was to determine the effects of dietary CLA on the performance of lactating sows and piglets as well as blood and milk compositions. It further examined the effects of CLA on IgG concentrations in sera from sows and piglets, and milk.
Methods
The animal use and care protocol was approved by the Institutional Animal Care and Use Committee of the Gyeongsangnamdo Livestock Promotion Research Institute, Korea.
Animal and experimental diets
Eighteen multiparous Duroc sows in their 2nd to 5th parities with an average body weight (BW) of 232.0 ± 6.38 kg were randomly selected and assigned to two dietary treatments (n = 9 for each treatment), control (0% CLA) and 1% CLA addition. CLA was replaced with soybean oil in the control diet. The sows were moved into farrowing rooms after 108 days of gestation and were housed individually in crates (2.4 m × 1.7 m) with slatted floors.
Experimental diets were provided in the form of flour and were formulated to meet the recommended amounts of crude protein and digestible energy (DE) as required by the NRC [19] . The two diets were isoenergetic and isonitrogenous. Ingredients and chemical compositions of the experimental diets are shown in Table 1 . Diets were provided from 110 days of gestation until weaning (28 days postpartum). Sows were fed twice daily at approximately 07:00 and 17:00 h and had ad libitum access to water. The diets were restricted to 2.0 kg/day for each animal and were administered 24-48 hours prior to farrowing in order to prevent excessive gut fill from obstructing the farrowing process per se as well as to minimize any problem with mastitis-metritis-agalactia. After farrowing, sows were initially fed 1.5 kg of their treatment diet twice daily (08:00 and 16:30 h), and this was increased daily by 0.5 kg until 7 days postpartum. Thereafter, sows had free access to their diets until weaning.
To evaluate sow performance, litter sizes were adjusted (nine piglets per sow) by cross-fostering piglets within 24 hours after birth. Piglets had no access to creep feed. At birth, the litters were subjected to normal management procedures, including cutting of teeth and tails, ear notching, and iron shots. Males were not castrated. All weaned piglets were mixed across treatments and then moved to pens (10 piglets per pen, arranged based on similar BW) in an environmentally controlled room. Piglets were raised on the same commercial diet (PuKyung Pig Farmers Agricultural Cooperative Feed Mill, Gimhae, Korea) until 70 days of age. Piglets after weaning were separated into pre-starter and starter phases, respectively. Pre-starter diet consisting of 19% crude protein, 1.3% lysine, 3,500 kcal/kg DE, 0.76% calcium, and 0.62% phosphorus was given from 29-49 days, followed by starter diet consisting of 17.5% crude protein, 1.0% lysine, 3,350 kcal/kg DE, 0.67% calcium, and 0.57% phosphorus until 70 days of age.
Measurements and sampling
The BWs of sows were recorded at farrowing and weaning (28 days), and differences in BW were calculated. For piglets, birth and weaning weights were also recorded, and daily BW gain was calculated. After weaning, individual BWs of piglets were recorded at 70 days of age. Average daily gain was calculated during the 42-day post-weaning period and total period (0 to 70 days of age). Backfat thickness of sows was measured by ultrasound at farrowing and weaning using a Renco Lean Meater® (Renco Corporation, Minneapolis, USA). Measurements were taken 65 mm from the midline at the last rib. Feed intake during lactation was recorded daily. The number of pigs that died during the lactation period was counted, and mortality (%) was calculated. Weaning-to-estrus interval was determined by monitoring estrus from 3 to 10 days after weaning.
On day 21 of lactation, milk samples were collected. Litters were separated from sows for 1 hour prior to milking, after which approximately 50 mL of milk was obtained after intramuscular injection of 20 IU of oxytocin (Komioxytocin inj.; Komipharm International Co., Ltd., Siheung, Korea). Milk samples were then frozen immediately at −80°C for milk composition and IgG analysis. Blood samples taken from the jugular vein were collected from sows prior to feeding in the morning on the day before weaning. Three randomly selected piglets per sow were then subjected to blood collection from the anterior vena cava, after which blood samples were pooled within the same litter. Before collecting blood samples, suckling piglets were not segregated from sows. Serum was separated by centrifugation (3,000 × g for 15 min at 4°C) and frozen immediately at −80°C until analyses.
Milk production by sows was measured on day 21 of lactation by a modified weigh-suckle-weigh (WSW) method of Speer and Cox [15] . Briefly, litters were separated from their dam for 1 hour. Piglets were placed in a pen under a heat lamp during separation. Litters then were weighed to obtain their pre-suckling BW, returned to their mothers, allowed to suckle until the end of vigorous synchronized suckling by the litter, and then immediately collected and weighed to obtain their post-suckling BW. This procedure was repeated hourly until a minimum of three consistent measurements of hourly milk yield were obtained. Hourly milk yields were a measurement of BW gain, as litter milk intake was based on the difference between pre-and postsuckling litter BWs. Mean hourly milk yield multiplied by 24 was used to estimate daily milk yield. Suckling frequency was not controlled on the other days of lactation.
Sample analyses
Compositional analysis of the experimental diets was carried out according to the procedures of AOAC [20] . Fatty acids of the two oil sources (soybean oil and CLA oil) used in this study were analyzed by the one-step procedure described by Sukhija and Palmquist [21] . Serum glucose content was determined using an enzymatic kit (Glucose Hexokinase kit, Bayer, US). Serum total protein and urea nitrogen contents were determined using an auto analyzer (model 704, Hitachi). Serum total cholesterol, triacylglyceride, and non-esterified fatty acid (NEFA) levels were determined by enzymatic spectrophotometric assay (Boehringer Mannheim, Germany). Serum total lipid content was determined by colorimetric assay (Hitachi 7180, Japan). Serum LDL-and HDL-cholesterol levels were determined by enzymatic colorimetric assay (Roche, Germany). IgG concentrations of serum and milk were determined by the radial immunodiffusion method of Mancini et al. [22] using a commercial kit (Bethyl Laboratories Inc., Montgomery, TX). Serum thyroxine (T4) and triiodothyronine (T3) levels were measured using radioimmunoassay (RIA) kits (ICN Pharmaceuticals, Inc., Costa Mesa, CA). Analyses for T4 and T3 levels were performed in duplicate. Milk composition (%) was analyzed using Milkoscan FT 120 (FOSS Electric, Korea).
Statistical analysis
Data were analyzed by t-test for a completely randomized design using the GLM procedure of SAS [23] . Least squares means were calculated for each independent variable. Individual sows and their litters were used as the experimental unit. In weaned piglets, gender effect was ignored and thus not included in the model. Differences were considered significant at p < 0.05.
Results

Sow performance
Results on BW, backfat thickness, total feed intake, and weaning-to-estrus interval of sows during lactation are shown in Table 2 . Loss of BW during the lactation period was significantly (p < 0.05) higher in sows fed control diet compared to sows fed CLA diet. Sows fed CLA diet showed little change in BW during lactation. No difference in backfat thickness, total feed intake, or weaning-to-estrus interval was observed between the treatments during the lactation period.
Performances of litters and piglets
Performances of litters and piglets during the 28-day lactation period are presented in Table 3 . Dietary CLA had no effect on the number of weaned piglets or piglet mortality during lactation. Litter weight at weaning (p = 0.0722) and daily litter weight gain (p = 0.096) tended to be higher in sows fed CLA diet compared with sows fed control diet. Furthermore, piglet weight at weaning was significantly (p < 0.05) increased by sow consumption of CLA diet, but this was not evident after 42 days of weaning. Piglet weight gain was significantly (p < 0.05) higher in sows fed CLA diet during the suckling period, whereas it was unaffected from weaning until 70 days of age as well as birth to 70 days of age.
Blood metabolites, thyroid hormones, and IgG concentrations
Results on blood metabolites, thyroid hormones, and IgG concentrations in blood and milk are shown in Table 4 . Blood metabolite levels of sows were unaffected, whereas NEFA and urea nitrogen concentrations were significantly (p < 0.05) reduced by CLA diet. There was no significant difference in T3 or T4 concentration between the treatments. IgG concentrations were significantly higher in sera of sows (p < 0.01) and piglets (p < 0.05) fed CLA diet as well as milk (p < 0.05) of sows fed CLA diet compared to sows fed control diet.
Milk yield and composition
Milk yield and composition in sows fed CLA diet during lactation are shown in Table 5 . Sows fed CLA diet showed a significantly (p < 0.05) higher milk yield than those fed control diet, even though there was no significant difference in daily lactational feed intake between the treatments. Fat content was significantly (p < 0.05) lower in sows fed CLA diet than in those fed control diet. However, there were no differences in other milk components by dietary CLA consumption during lactation. Except for lactose and solid-not-fat yields, there were no differences in yields of other components upon dietary CLA consumption. Yield of lactose tended (p = 0.0532) to increase in sows fed CLA diet compared with sows fed control diet, and solid-not-fat yield was significantly (p < 0.05) higher in sows supplemented with CLA compared to those fed control diet. Further, protein-tofat ratio was significantly (p < 0.05) higher in sows fed CLA diet compared with sows fed control diet.
Discussion
In the present study, sows fed CLA showed little change in BW during the lactation period. This result is in disagreement with previous studies that have reported no dietary CLA effect on BW change in sows [13, 16, 24] . In Table 2 Body weight, backfat thickness, total feed intake, and weaning-to-estrus interval in lactating sows fed diets supplemented with CLA contrast, sows fed control diet containing soybean oil (high in linoleic acid (LA); Table 1 ) at the expense of CLA showed severe loss of BW. It seems that lactating sows that consume a diet containing soybean oil rather than CLA oil more readily mobilize energy from their body reserves to produce milk. This may be related to the acceleration of body fat catabolism. Sanz et al. [25] reported that broiler chickens fed sunflower oil diet, which is also high in LA, had higher specific activities of fat-catabolic enzymes such as carnitine palmitoyltransferase I (CPT I) and L-3-hydroxyacyl-CoA dehydrogenase (L3HOAD). Likewise, Shimomura et al. [26] observed lower fat deposition in rats fed a diet rich in safflower oil compared to those fed tallow. However, Vicente et al. [27] found that fat sources had no effect on BW of lactating sows, which contradicts the results of the present study. In our study, there was no significant difference in backfat thickness between the treatments. In support of our result, Harrell et al. [16] previously reported no difference in backfat thickness, whereas Cordero et al. [14] showed a less loss of backfat thickness in sows fed CLA diet. Conversely, Park et al. [28] reported that backfat thickness became thinner at a higher level of CLA supplementation or longer feeding time in lactating sows. Meanwhile, in grower-finisher pigs, many researchers reported that CLA treatment reduced backfat thickness [29] [30] [31] [32] [33] . These contradictory results on CLA feeding may be due to the different physiological state of swine. Therefore, the backfat thickness of sows fed CLA during lactation must be further investigated.
In the present study, BW changes during lactation did not affect the subsequent weaning-to-estrus interval. Thus, it seems that BW loss was not sufficiently low enough to reduce subsequent reproductive performance. On the other hand, Reese et al. [34] demonstrated that little relationship existed between sow weight loss during lactation and the interval between weaning and first estrus. Total feed intake of sows was not influenced by dietary inclusion of CLA, in accordance with previous studies [13, 14, 16, 24] .
Litter size at weaning and mortality of suckling piglets were not affected by CLA supplementation. This result is in agreement with those of Cordero et al. [14] , who observed no effect of dietary CLA on the number of weaned piglets or piglet mortality. Reduction of litter size at weaning and mortality during the suckling period may be dependent on numerous factors, such as milk quality of sows, suckling intensity, disease, accidents, environmental conditions, and unknown factors [35] . Although litter weight was maintained after crossfostering piglets, weaning litter weight as well as litter weight gain increased in the CLA dietary group (Table 3) , reflecting increased milk yield by sows [6, 36] . Moreover, weaning litter weight and weight gain were drastically elevated in piglets from sows fed CLA compared to those from sows fed soybean oil, even though piglet weights at birth were similar between the treatments. These results corroborate the published data of Corino et al. [13] and Cordero et al. [14] , who reported that piglets from sows fed a diet supplemented with 0.5% or 1% CLA during lactation were markedly heavier than piglets from control sows. Cabrera et al. [37] further demonstrated a link between higher weaning weight and reduced time to reach finishing weight in pigs, which implies market pigs (BW = 110 kg) can be produced more economically. However, maternal CLA background had no effect on piglet weights or weight gain throughout the 42-day post-weaning period, which is in agreement with the observations of Bontempo et al. [24] and Corino et al. [13] . On the other hand, Bee [38] observed that, irrespective of starter diet, pigs reared by sows fed CLA during lactation showed greater feed intake, weight gain, and final weights after weaning than pigs reared by sows fed LA diet. These discrepancies might be due to the higher level of CLA (2%) used by Bee [38] .
It was previously reported that CLA reduces body fat content [39] . In the present study, serum NEFA concentration was drastically reduced in sows fed CLA compared with sows fed soybean oil, suggesting the reduction of body fat mobilization. Further, a lower NEFA concentration is consistent with higher BW of sows, as shown in Table 2 . In contrast, Bontempo et al. [24] and Corino et al. [13] reported that 0.5% CLA supplementation to sows during lactation had no effect on NEFA levels. Corino et al. [18] also observed no difference in NEFA concentration with increasing amount of CLA, whereas triacylglycerol levels markedly decreased in rabbits. On the other hand, Ostrowska et al. [40] found that dietary CLA treatment significantly increased plasma NEFA and triacylglycerol levels in pigs, with no effect on plasma glucose and insulin levels. In addition, Gutgesell et al. [41] revealed that lactating rats fed CLA diets showed a greater concentration of NEFA in plasma compared to rats fed diets containing sunflower oil.
As shown in this study, dietary CLA had no effect on total protein, total lipid, or triacylglycerol concentration, which is in accordance with the results of Stangl [42, 43] . The glucose concentration also did not differ between the treatments. This result corroborates data from Bontempo et al. [24] and Corino et al. [13] , who reported that the serum glucose concentration of lactating sows remained unchanged after CLA treatment. Ramsay et al. [44] also found that CLA supplementation up to 2% had no effect on the serum glucose concentration of growing pigs. On the contrary, Stangl [42] found that rats fed 5% CLA exhibited a higher concentration of glucose than control rats.
In the present study, CLA had no effect on total, LDL-, or HDL-cholesterol concentration, which leads to no difference in the HDL-to-total cholesterol or LDL-to-HDL-cholesterol ratio. There is little information on the effects of dietary CLA on the serum cholesterol profile of lactating sows. Stangl [42] found that rats fed 5% CLA showed significantly reduced total, LDL-, and HDL-cholesterol levels, whereas rats fed less than 5% CLA showed no differences. Mele et al. [45] also reported that dietary intake of 0.8 g of cis-9, trans-11 CLA per day in humans tended to reduce the plasma LDL-cholesterol level. Stangl [43] also reported that the serum cholesterol level of growing rats fed 3% CLA under conditions of enhanced fat mobilization remained unchanged. Moreover, Stangl et al. [46] observed no difference in the serum concentration of total, LDL-, or HDL-cholesterol in adult female pigs fed CLA at a dietary level of 1%, which is in accordance with data from this study. On the other hand, Corino et al. [18] found that total cholesterol level in rabbits was markedly reduced by consumption of 0.25 or 0.5% CLA. Nunes et al. [47] also reported that dogs fed 0.5% CLA for nine months showed a 34% reduction in the total cholesterol level, as well as 28% reduction in the levels of LDL and non-HDL-cholesterol. Therefore, CLA can have differential effects depending on its level, dominant isomer, animal species used, and physiological status.
The present data show that the serum urea nitrogen concentration was remarkably higher in sows fed soybean oil compared to those fed CLA. This result may be due to higher catabolism of body protein during lactation in sows fed soybean oil compared to those fed CLA.
The present study examined the thyroid hormones T4 and T3 as an indicator of mammary gland growth and development [48] . In the present study, there was no difference in the T4 or T3 concentration between the treatments. This result is in agreement with data from Stangl et al. [46] and Bontempo et al. [24] . In contrast, Corino et al. [13] found that sows fed CLA until weaning had a high concentration of serum thyroxine, resulting in heavier piglets via increased milk yield. Beckett et al. [49] found that conversion of T4 to T3, the biologically active form of thyroid hormone, is controlled by seleniumcontaining enzymes. Consequently, the present study again confirmed no relationship between CLA and T3.
As in other species, IgG is the most representative antibody in pig serum, and its concentration is an index of antibody production against antigenic stimuli not processed by T-cells. In the present study, the IgG concentrations of sows fed CLA increased by 49% in sow serum, 23% in milk, and 35% in piglet serum compared with levels of control groups. Furthermore, piglets from sows fed CLA diet also showed increased serum IgG concentrations. These results support data from Bontempo et al. [24] and Corino et al. [13] . Corino et al. [18] also found that weaned piglets fed increasing levels of CLA showed elevated IgG concentrations, suggesting a positive correlation between CLA intake and serum IgG. Moreover, Peng et al. [17] reported that consumption of 0.5 and 1% CLA by lactating sows increased CLA contents in milk and plasma as well as backfat and muscle in their suckling piglets, reflecting maternal CLA transport. However, this study did not analyze the fatty acid profiles of serum and milk. Thus, in the present study, the elevation of IgG concentrations in piglets from sows fed CLA could be attributed to maternal IgG transfer directly to piglets through milk CLA.
Whether or not dietary CLA affects milk yield in lactating sows remains unknown, as milk yield fluctuates depending on breed, parity, suckling intensity, lactational day, and health conditions. Indeed, as this study indirectly measured milk yield using the weigh-suckle-weigh technique [15] based on daily changes in litter BW of sows, there could be differences between real and estimated figures for milk yield. Although there was no difference in daily lactational feed intake between groups, milk yield increased by almost 10% in sows fed CLA compared with sows fed soybean oil. In past studies using lactating cows [50] and lactating ewes [51, 52] , rumen-protected or unprotected CLA supplementation increased milk yield. These results are similar to those of the present study, even though it was compared to the milk yield of ruminants other than monogastrics.
On the other hand, CLA reduced milk fat content by about 30%, whereas milk protein, lactose, and solid-notfat contents were unaffected (Table 5 ). This result is similar to the data of Harrell et al. [16] , who reported that sows fed 1% CLA diet showed 36% reduced milk fat content, whereas milk protein or ash content was unaffected. Moreover, Cordero et al. [14] observed a 14% reduction in crude fat content in milk from sows fed 1% CLA diet compared to those fed control diet. Poulos et al. [53] also reported that 0.5% CLA supplementation from day 40 of gestation until weaning reduced milk fat by 17%. Griinari et al. [54] demonstrated that milk fat depression can occur by either a shortage of precursors for milk fat synthesis or by direct inhibition of milk fat synthesis. Despite the fact that the milk fat content was reduced by CLA supplementation, milk fat yield did not show any significant difference between the treatments. This might be attributable to the offset of milk fat reduction by increased milk yield.
Until now, there has been no report on lactose in lactating sows. In the present study, increased lactose yield due to dietary CLA appeared to be associated with higher circulation of blood glucose to mammary glands for lactose synthesis. Further, although the blood glucose concentration was not significantly different between the treatments (Table 4) , a slight increase in blood glucose in sows fed CLA resulted in elevated synthesis of lactose.
In the present study, lower milk fat content due to dietary CLA increased the protein-to-fat ratio. This higher protein-to-fat ratio in sows fed CLA can increase weight at weaning in suckling piglets. Nam and Aherne [55] found that increasing ratios of lysine to DE in weanling piglets linearly increased average daily gain and feed efficiency.
Conclusion
In conclusion, CLA supplementation to sows during lactation resulted in little change in BW despite increased milk yield, suggesting less mobilization of body stores. Piglets from sows fed CLA showed higher weights at weaning as well as weight gain, but there was no difference in piglet growth after weaning regardless of maternal CLA background. Sows fed CLA also showed reduced serum NEFA and urea nitrogen concentrations as a result of lesser body expenditure, whereas levels of other blood metabolites and thyroid hormone were unaltered. CLA supplementation to sows during lactation increased IgG concentrations not only in sera of sows and piglets but also in milk, implying that CLA may improve the health status and growth of piglets. However, milk produced by sows fed CLA contained lower milk fat content, resulting in a higher protein-to-fat ratio. Further, yield of solid-not-fat in response to dietary CLA consumption remarkably increased due to higher lactose yield.
Implications
These results show that CLA supplementation to sows increased milk yield without losing BW during lactation, which might positively affect subsequent reproduction and piglet growth. Moreover, soybean oil supplementation to lactating sows resulted in severe BW loss, which might be helpful in reducing BW of obese sows.
